ABSTRACT
INTRODUCTION
Intersections safety is a serious safety concern worldwide [1] . Serbia is also in a similar predicament, where 7,050 crashes happened at intersections in urban areas, and where there were 54 fatalities, and 4,024 slightly or severely injured in 2012 [2] . There is a general consensus that roundabouts are safer than conventional intersections, so in many countries it is common practice to build different types of roundabouts. In countries where roundabouts were not typically built in the past (like in Serbia), these types of intersections are becoming increasingly popular [3] [4] [5] [6] [7] [8] .
After the adoption of new laws in the field of traffic infrastructure in 2005, in Serbia many conventional intersections were converted into roundabouts. There are no precise data how many conventional intersections have been converted into roundabouts in Serbia, but their number is constantly increasing [2] . Also, there are no precise data as to how much safer roundabouts are in Serbia in comparison to conventional ones.
The increased safety of roundabouts occurs as a result of reducing the number of conflict points compared to conventional intersections, slower speed when entering, and throughout intersections, which also makes roundabouts safer for pedestrians [15] [16] [17] [18] . Reducing the number of conflict points is related primarily to the conflicts between vehicles [19] [20] .
Numerous studies have shown that roundabouts are much safer than conventional intersections in terms of the decreased number of crashes that have been recorded, as well as the number of the injured [9] [10] [11] [12] [13] [14] . Some of these studies used an Empirical Bayes (EB) method for observational studies before and after as well as meta-analysis or naive before-after analysis for determination of safety effectiveness of conventional intersections to roundabouts. Table 1 shows that different studies indicate a decrease in the number of crashes at roundabouts, but they also show different effects in decreasing the number of vehicle-to-vehicle crashes. Effectiveness of roundabouts concerning traffic safety depends on a variety of factors such as: design geometry, number of traffic lanes, speed limit, participation of pedestrians and cyclists in traffic, and history of roundabouts in a region, i.e. the familiarity of drivers with the roundabouts [12, 14] .
Although a constant growth of newly built large compact two-lane roundabouts has been recorded in Serbia since 2005 [2] , the safety effect of roundabouts is essentially unknown. Here, research results on the safety effectiveness of roundabouts are presented based on the example of 15 two-lane entry/exit intersections in the city of Niš. All converted intersections were two-lane so it was impossible to question the effectiveness of conversion for one-lane intersections, at which as shown in many studies, the conversion has better effects in terms of decreasing the crash number [12, 1] . In general, double-lane roundabouts have some of the same safety performance characteristics as their simpler single-lane counterparts. However, due to the presence of additional entry lanes and the accompanying need to provide wider circulatory and exit roadways, double lane roundabouts introduce additional conflicts not present in single-lane roundabouts. This makes it important to use the minimum required number of entry, circulating and exit lanes, subject to capacity considerations [4] . For example, according to United Kingdom roundabout crash models, for 10,000 entering AADT, flaring the entry width from one to two lanes is likely to increase injury crashes by 25 percent [29] .
METHODOLOGY
To determine the safety effects of replacing conventional intersections with roundabouts, the city of Nis has been used as an example to illustrate the situation where 15 intersections were replaced by large compact [33] two-lane roundabouts from 2005 to 2013. These intersections were chosen for conversion by Land Development Public Agency in Niš for several reasons, but firstly because of safety concerns. On intersections with a high number of crashes, which were identified as black spots, marked as E, M and N ( Table 2) , the conversion was conducted as a rehabilitation measure. On others, the building of roundabouts was for the purpose of traffic calming. The main aim of these conversions was to reduce vehicle-to-vehicle conflict points, but also to reduce vehicle speeds in terms of improving vehicle safety as well as safety of vulnerable road users.
Data on traffic accidents which are used here were provided by the Serbian Ministry of the Interior. The Serbian Ministry of the Interior has a comprehensive database (a very large quantity of data on all reported traffic accidents) with adequate accuracy. Data on dates of roundabout construction, as well as all estimated AADT (Average Annual Daily Traffic) were obtained from the Land Development Public Agency in Niš, which periodically organizes the traffic counting for different project purposes.
To determine the safety effects of replacing conventional intersections with roundabouts, the EB method for observational studies before and after as in [21] is used. By using EB evaluation, the changes in traffic safety for a certain type of crashes at the intersections which have been converted into roundabouts are calculated by Equations 1 and 2, where π is an expected number of crashes which would typically happen at intersections in the period after conversion if the intersections were not converted into roundabouts (estimated by using the EB procedure), and λ is a number of crashes which happen in the period after the conversion.
The number of crashes before treatment is not a good estimate of π due to changes in safety that may result from regression-to-the-mean or changes in traffic volume. So, instead of that, π is estimated by using EB procedure where Safety Performance Function (SPF) is used for estimation of the number of crashes at intersections similar to those which are being analyzed P [1] . These control intersections are similar to the analyzed ones in terms of similar geometry (Table 3) , often with the same main road, and the same speed limit -50 km/h. Data about control intersections are given in Table 4 . For the estimation of the number of crashes at intersections similar to those which are being analyzed, a method similar to [22] [23] [24] was used, which is shown in Equation 3 . Parameters α, β 1 and β 2 are estimated in the model calibration process, separately for both 3-legged and 4-legged intersections, and separately for all crashes and for the crashes with injuries.
In essence, a regression model is used to first estimate the annual number of crashes P that would be expected at intersections with traffic volumes and other characteristics similar to the one being analyzed. The regression estimate is then combined with the number of crashes (x b ) which happen in (y b ) years before the conversion in order to get an expected annual number of crashes (m b ) at the intersection before conversion. This estimate of m is (Equation 4):
where the weights w 1 and w 2 are estimated from the mean and variance of the regression estimate as (Equations 5 and 6): 
where k is the over-dispersion parameter of negative binomial distribution, which relates the mean and variance [25] .
For the estimation of the number of crashes which would typically happen at intersections in the period after conversion in one year (12 [22] [23] [24] .
In the end, the total expected number of crashes which would happen in the period after the conversion if the intersection was not converted into a roundabout is obtained B. It is obtained by using Equation 9 , where y a is the number of the years after the conversion [22] [23] [24] .
If А is the number of crashes which happen at an intersection after the conversion and В is the expected number of crashes which happen at the intersection in the period after the conversion if the intersection was not converted into a roundabout, then [22] [23] [24] :
The effectiveness of conventional intersection conversion into roundabouts can be shown best by the index of safety effectiveness θ which is calculated by Equation 13 [22] [23] [24] . 
As an absolute indicator of safety differences between conventional intersections and roundabouts, δ can be used -the difference between the number of crashes which could be expected at intersections in the period after the conversion if they were not converted into roundabouts and the number of crashes which happen in that period [22] [23] [24] .
However, two indicators are typically considered to be the best in terms of showing the effects that conventional intersection conversion into roundabouts has for traffic safety [12] . The first one is the index of safety effectiveness θ, which is approximately equal to the relation between the number of crashes which happened in the period after the conversion and the number of crashes which could have been expected at intersections in the period after conversion if they had not been converted into roundabouts. The second indicator, the most conventional one, is the percentage of difference, i.e. percentage of decrease of the number of crashes which is calculated according to Equation 14 [22] [23] [24] .
RESULTS
In the city of Niš, 15 intersections were identified which had been converted from conventional intersections to roundabouts in the period from 2005 to 2013. Data on all the intersections are summarized in Table 2 . Estimated AADT is average AADT for the observed period before/after. Period "after" includes data for the year 2014 as well.
First, SPF is used for the estimation of the number of crashes similar to the intersections which are being analyzed. By the regression analysis, parameters are estimated separately for 3-legged and 4-legged intersections, separately for all crashes and separately for injury crashes, which are shown in Table 5 .
By using the rest of the procedure, other parameters are calculated which are necessary for the estimation of the number of total crashes that would have happened at each intersection if they had not been converted into a roundabout.
For all intersections, the index of safety effectiveness is estimated to be 0.24 for all crashes and 0.20 for injury crashes. This means that the decrease of crashes is estimated at all analyzed intersections to be around 76% for all crashes, and around 80% for injury crashes ( Table 6 ). The effectiveness of 3-legged intersection conversion was examined separately, and the 4-legged one as well. At 3-legged intersections, θ is 0.16 for all crashes, and 0.09 for injury crashes. This means that, at these intersections, the decrease of crashes is estimated to account for around 84% of all crashes, and around 91% of injury crashes. The effectiveness index of 0.30 is calculated for all crashes at 4-legged intersections, and 0.28 for the injury crashes. This means that at 4-legged intersections the decrease of total crashes is estimated to be around 70%, and the decrease in the number of injury crashes to be around 72% ( Table 6 ).
The safety effects of roundabout installation on intersections previously controlled by traffic signs were more closely examined. The effectiveness of the conversion is separately examined for intersections, at which, before the conversion, traffic was controlled by traffic lights. At intersections, where before the conversion the traffic was controlled by traffic signs, the index of safety effectiveness was calculated and it is 0.28 for all crashes, and 0.20 for injury crashes. This means that, at these intersections, the decrease of total number of crashes is around 72%, and the number of injury crashes is around 80%. At intersections, where before the conversion traffic was managed by traffic lights, the index of safety effectiveness is 0.19 for all crashes, as well as for the injury crashes. This means that, at these intersections, the decrease of the total number of crashes as well as the injury crashes is estimated to be around 81%. The effects of conversion of different combination of the above mentioned types of intersections were also analyzed. Summary results are given in Table 6 .
DISCUSSION
The results of this research show that the conversion of conventional intersections into roundabouts can have a significant decrease of crashes as a result. Different studies have shown a decrease in the number of crashes (especially those with the injured). The percent of decrease differs from study to study. When comparing results of this research with the results of previous studies done in the world which used EB method, it can be concluded that the reduction of crashes with injured shown in this paper is in accordance with several studies shown in [4] and [12] , and it is closest to those obtained in France and in the USA. On the other hand the percent of overall crash reduction is lower in previous studies done in the western European countries, USA and Australia in comparison with the results of this research. Although there are differences between these regions, too (e.g. in the USA -35% and in Australia up to 61% of crash reduction), it can be possible that in the south-eastern part of Europe this reduction is bigger. Unfortunately, there is no research which has ever been done in Serbia or in any of the neighbouring countries to compare these type of results, which presents a limitation on this paper. One of the major problems because this kind of research has never been previously conducted is missing of some data entries (primarily about traffic accidents and AADT). In this particular research, the collection of data was not much of a problem but, in general, this is often the major limitation of conducting any traffic safety research. It should also be noted that this study was limited to 15 intersections, which were converted into large compact two-lane roundabouts in the city of Niš. Although similar results with some previous studies have been shown in the world [4] and [12] , the results of this study should be examined with caution because of the limited number of case study roundabouts and may still yet need to be proven after further research in the cites within Serbia as well as the rest of the region.
Numerous studies have shown that the conversion does not give the same results for the different types of intersections. In this way, it is shown that the conversion has been more effective at 3-legged than at 4-legged intersections.
On the one hand, these results are quite surprising due to the fact that the reduction of conflict points after the conversion is more significant at 4-legged (from 32 to 8) than at 3-legged intersections (from 9 to 6). But on the other hand it could be possible that there is significantly lower crash risk at 3-legged roundabouts than at 4-legged roundabouts i.e. that the correlation between decrease of crashes and reduction of conflict points is not linear. It can be also stated that at 3-legged roundabouts (marked as C and D), all crashes that occurred in the period after the conversion were due to vehicle's overrunning the central island (by traffic police data), which do not have direct link with conflict points. Simodines et al. [28] examined a correlation between reduction of conflict points and crash occurrence but they did not find a clear relationship between the reduction of conflict points and the expected crash reduction. This can be the subject of further research, where correlation between reduction of conflict points and crash occurrence can be examined. The results of such research may be helpful in better understanding of the results obtained in this study.
The results of the research also indicate that the effects of conversion are more significant at intersections which were managed by traffic lights before the conversion than at the ones where the traffic was regulated by the traffic signs. These results may be explained by the fact that traffic lights usually correspond with intersections with high AADT or with intersections with higher crash rate because traffic lights contribute greatly in assisting drivers to negotiate an intersection, more so than sign-controlled intersections. This means that most of the intersections with high crash rate were controlled by traffic lights, and because of that the reduction of all crashes after the conversion is more significant at intersections with traffic lights than at sign-controlled intersections.
If the effects of different combinations of intersections are analyzed, it can be concluded that the conversion has been most effective in 3-legged intersections which were managed by traffic lights.
In this research the EB method for observational studies before and after was used. The EB method has a number of advantages such as that it properly accounts for regression-to-the-mean, overcomes the difficulties of using crash rates in normalizing for volume differences between the before and after periods, and provides bigger reliability in effect determination for the safety, especially when grouping of different intersections according to certain criteria [1] . There is general consensus among researchers and practitioners regarding the superiority of EB technique, and it is recommended for use in all circumstances where the data and required SPFs are available [31] . The usage of other methods would give less reliable results, because other methods (e.g. naive before-and-after method) are usually unable to separate the conversion effect from other effects, and these results may typically be affected by regression-to-mean bias [32] .
CONCLUSION
The main aim of this paper was to show roundabouts effectiveness in terms of traffic safety i.e. in reduction of crashes. The aim was not just to show the overall results in safety effectiveness of converting intersections in to roundabouts, but also to show the effects that conversion of different type of intersections into roundabouts has on traffic safety. Safety effectiveness of roundabouts was determined by using EB method, which can be used for this and further similar research.
Study results and the results of numerous studies done throughout the world show that the effects of conventional intersection conversion into roundabouts are positive for traffic safety. In the city of Niš, the decrease of the number of crashes is estimated to be around 76% for all crashes, and around 80% for injury crashes, and the conversion shows the best effects at 3-legged intersections which had been
